Studies in nonhuman primates offer information of high relevance to clinical medicine due to their close genetic relationship with humans. Here, we established an optimized protocol for the isolation of antibody V(D)J sequences from rhesus macaque B cells. Nested PCR primers were designed to align to sequences flanking the V(D)J coding region to enable amplification of highly mutated antibody sequences. The primers were evaluated using cDNA from bulk PBMCs as well as from single-sorted memory and naïve B cells from several macaques to ascertain effective germline coverage. The nested PCR efficiency reached 60.6% positive wells for heavy chain amplification, 39.2% for kappa chain, and 23.7% for lambda chain sequences. Matching heavy and light chain sequences, indicating antibodies that potentially can be cloned, were obtained in 50% of the positive wells. Using these primers, we found that the efficiency and specificity of V(D)J amplifications were markedly improved compared to when primers designed for human Ab isolation were used. In particular, the amplification of recombined light chain VJ sequences was improved. Thus, we describe the design and testing of a new set of rhesus-specific primers that enable efficient and specific amplification of heavy, kappa and lambda V(D)J genes from single sorted B cells. The use of these primers will facilitate future efforts to clone and express rhesus macaque MAbs for genetic, functional and structural analyses.
Introduction
Studies in nonhuman primates (NHP) offer information of high relevance for human biology due to the close genetic relationship between these primate species. Rhesus macaques are frequently used for the evaluation of vaccine-induced B cell responses, but the majority of such studies focus on an examination of polyclonal antibody (Ab) responses in plasma, providing limited information about the genetic and functional properties of individual antigen-specific antibodies. Previous efforts to generate monoclonal antibodies (MAbs) from infected or immunized rhesus macaques, to examine the elicited Ab sub-specificities, have primarily relied on B cell immortalization with herpes viruses or the generation of antibody display libraries that were subsequently screened for antigen binding (Andris et al., 1997; Glamann et al., 1998; Robinson et al., 1998 Robinson et al., , 2010 Kuwata et al., 2011) . While these methods are well established they are time consuming and have low efficiency, limiting their utility. Furthermore, the examination of Ig sequences in rhesus macaques is currently hampered by the lack of complete databases and online tools for V(D)J annotation and sequence analysis with only some information available. In contrast, the cloning, analysis and expression of rearranged heavy-and light chain genes isolated from single-sorted human and mouse B cells are well-established approaches for studies of antigen-specific B cell responses (Wardemann et al., 2003; Koelsch et al., 2007; Tiller et al., 2007; Volkheimer et al., 2007; Tiller et al., 2008; Wrammert et al., 2008; Scheid et al., 2009a Scheid et al., , 2011b . Such approaches have broad application for studies of antibody repertoires in a wide range of settings.
The diversity of the antibody repertoire is primarily based on the rearrangement of immunoglobulin (Ig) variable (V), diversity (D) and joining (J) gene segments on the Ig heavy (IGH) chain locus and of V and J gene segments on the kappa (IGK) and lambda (IGL) light chain loci (Tonegawa, 1983; Schatz, 2004) . A second mechanism to increase diversity of the antibody repertoire is somatic hypermutation (SHM). SHM are random point mutations introduced -primarily in the Ig V regions -by the enzyme activation-induced cytidine deaminase (AID), which is upregulated in proliferating B cells exposed to cognate antigen in the presence of T cell help (McKean et al., 1984; Di Noia and Neuberger, 2007) . The resulting diversity of naïve B cell receptors allows the immune system to recognize and respond to a wide range of pathogens.
To facilitate studies of B cell repertoires and the isolation of MAbs from NHPs we recently analyzed and annotated the heavy and light chain antibody loci from a published Indian rhesus macaque genome assembly (Gibbs et al., 2007; Sundling et al., 2012) . Phylogenetic analysis of the IGHV gene family organization of rhesus macaques and humans revealed a high level of gene homology and family conservation. In those studies we used a primer set designed to amplify recombined V(D)J gene segments from human B cells (Tiller et al., 2008) , which we found to work well also for the amplification of rhesus macaque heavy chain VDJ sequences, but less so for amplification of light chain VJ sequences (Sundling et al., 2012) . Here, we describe the design of a new set of primers that improved the recovery of matched NHP heavy and light chain pairs considerably. The use of these primers will facilitate future efforts to clone and express rhesus macaque MAbs for genetic, functional and structural analyses of infection-and vaccine-induced B cell responses.
Materials and methods

Animals and sampling
Rhesus macaques sampled in the current study, designated F126, F128, and F129, were described elsewhere (Sundling et al., 2010) . They were housed at the Astrid Fagraeus Laboratory animal facility at Karolinska Institutet. All procedures were approved by the Local Ethical Committee on Animal Experiments. Bleeds were taken before immunizations under sedation with 10 mg/kg ketamine, given intramuscular. The mononuclear cell fraction was extracted by density-gradient centrifugation with Ficoll-Hypaque Plus as described (GE Healthcare). After extensive washing in PBS, cells were frozen in fetal bovine serum (FBS) supplemented with 10% DMSO (Sigma). All experiments were performed on thawed cells.
Design and validation of nested primers
The primers were designed based on published rhesus germline sequences (Link et al., 2002; Bible et al., 2003; Howard et al., 2005a Howard et al., , 2005b Gibbs et al., 2007; Sundling et al., 2012) , as well as sequences generated from bulk PBMCs. As schematically illustrated in Fig. 2A , the leader sequence, upstream of the V-gene, is encoded by two exons (L1 and L2) separated by a short intron that is excised in the mRNA (Schroeder and Cavacini, 2010) . The nested PCR 5′ outer primer set, designated the L1 primers, was designed to align with L1 of the V-gene leader, while the 5′ inner primer set, designated SE, was designed to overlap the junction between L1 and L2 of the V-gene leader sequence. The 3′ nested primers are situated in the constant region of the heavy and light chains and were designed to enable amplification of heavy chain; IgG (cover γ1-4), IgA, IgM, and IgD, and light chain; lambda (cover λ1-3, 5-7), and kappa (only one constant domain). The nested PCR heavy chain primers are described in Table 1 , kappa primers in Table 2 and lambda primers in Table 3 .
To validate the L1 and SE primers, total RNA was isolated from~5×10
6 PBMCs using the Qiagen RNeasy Plus mini kit. The RNA was reverse transcribed into cDNA with Superscript III Reverse Transcriptase (Invitrogen) using random hexamers according to the manufacturer's protocol. PCR products were generated with the Qiagen HotStar Plus kit on 1 μl 50× diluted cDNA. The PCR was initiated by 5 min incubation at 94°C followed by 40 cycles of 94°C, 30 s, 55°C (L1 set) or 60°C (SE set), 30 s, and 70°C 1 min. There was a final elongation at 70°C for 7 min before cooling to 4°C. 
Design of cloning primers
Primers enabling cloning of RT-PCR generated antibody sequences were designed using previously annotated rhesus germline V(D)J genes (Sundling et al., 2012) (Fig. 2A and  supplementary table 1 ). The 5′ cloning primers overlap with L2 of the leader and the first~15 bp in the V-region. The 3′ cloning primers align to the end of the J-region and the beginning of the constant regions of the heavy and light chains. Restriction sites were introduced to enable directional cloning into pre-made antibody expression vectors as described (Wardemann et al., 2003; Tiller et al., 2008) . The heavy chain primers include restriction sites for AgeI and SalI, the kappa primers for AgeI and BsiWI, and the lambda primers for AgeI and XhoI. Predicted PCR products are~400 bp for the heavy chain VDJ segment and~350 bp for the kappa and lambda light chain VJ segments.
Single cell sorting of rhesus B cells by flow cytometry
For single cell sorting, frozen PBMCs were thawed and slowly re-suspended in RPMI 1640 medium (Sigma) prewarmed to 37°C supplemented with 10% (FBS; Sigma). After washing twice, the cells were re-suspended in 100 μl PBS including an antibody cocktail consisting of: CD3 (FITC; SP-34), CD14 (FITC; MΦP9), CD20 (APC-Cy7; L27), CD27 (PE-Cy7; M-T271), IgG (PE; G18-145), and IgM (APC; G20-127) together with Live/dead Green (Invitrogen) and incubated for 20 min at room temperature. All antibodies were purchased from BD Biosciences. The stained cells were washed as before and re-suspended in 1 ml of RPMI 1640 media containing 2% FBS, passed through a 70 μm cell mesh (BD Biosciences) and sorted into FACS tubes according to gates shown in Fig. 3A , using a FACSAria III cell sorter (BD Biosciences). Single cells were identified by sequential gating for SSC-H versus SSC-W followed by FSC-H versus FSC-W. To maximize purity, cells were subjected to a second round of sorting and were then directly seeded at single cell density in 96-well PCR plates containing 20 μl lysis buffer. The lysis buffer was composed of 20 U RiboLock RNAse inhibitor (Fermentas), 6.25 mM dithiothreitol (DTT) (Invitrogen), 5 μl 5 × First-Strand buffer (250 mM Tris-HCl pH 8.3, 375 mM KCl, and 15 mM MgCl 2 ) (Invitrogen), and 0.0625 μl Igepal (Sigma). For some experiments 10 μg/ml carrier RNA (Sigma) was added to the lysis buffer. The populations sorted were CD20 + CD27 + IgG + (Memory) and CD20 + CD27 − IgG − IgM + (Naïve) B cells.
RT-PCR
RT-PCR was performed as previously described (Wu et al., 2010) , with some modifications. Briefly, the 96-well plates with single sorted cells were thawed and 150 ng random hexamers (Qiagen) or 0.5 μg Oligo(dT) 18 (Fermentas), 0.4 mM dNTP (Fermentas), and 200 U Superscript III (Invitrogen) was added in a total volume of 6 μl followed by thorough mixing by pipetting. The reverse transcription (RT) was performed as follows: 10 min at 42°C, 10 min at 25°C (if random hexamers were used), 60 min at 50°C, 5 min at 94°C and finally cooling to 4°C.
Antibody V(D)J genes were amplified from the cDNA by nested PCR, using mixes of primers described in Section 2.2. The first round PCR was performed on 2-4 μl cDNA directly following the RT and the nested PCR on 1.5 μl of the first round PCR product. The PCR mix consisted of 2.5 μl 10X PCR Buffer (Qiagen; containing 15 mM MgCl 2 ), 0.5 μl 10 mM dNTP (Fermentas), 0.5 μl 25 mM MgCl 2 (Qiagen; only added in the first round PCR), 5 μl Q-Solution (Qiagen), 1 U HotStar Taq Plus (Qiagen), 0.5 μl 5′ and 3′ primers (5′ primers were diluted to 25 μM and mixed together at equal volume, while the 3′ primers were added at 20 μM). Water was added up to a total volume of 25 μl. The PCR program was initiated by 5 min incubation at 94°C followed by 50 cycles of 94°C, 30 s, 55°C (L1 set) or 60°C (SE set), 30 s, and 70°C 1 min. There was a final elongation step at 70°C for 7 min before cooling to 4°C. The PCR products were evaluated on 2% 96-well agarose gels and if positive (bands~500 bp for heavy chain and~450 bp for lambda and kappa light chains), sent for sequencing using the downstream inner primers after ExoSAP-IT treatment (USB) or PCR purification (Qiagen).
Antibody sequence evaluation
The RT-PCR generated sequences were evaluated for V(D) J gene family usage with IMGT®/V-Quest. Rhesus germline IGH, IGK, and IGL V-gene family distribution was evaluated by multiple alignments with MUSCLE. Sequences were curated with Gblocks and Neighbor joining trees generated (Dereeper et al., 2008) .
Results
Rhesus gene-specific primer design
The human and rhesus genomes display a high level of homology with an average sequence identity of~93% (Gibbs et al., 2007) . To compare V-region heavy chain and light chain gene segments in human and rhesus macaques, phylogenetic trees were made. Functional human sequences were obtained from the IMGT® database and rhesus macaque sequences from Ensemble as described (Sundling et al., 2012 ) with an additional two IGHV genes not previously described (supplementary table 2). The joined sequence analyses of the species showed that the genes clustered according to family distribution rather than by species indicating a high level of gene family conservation (Fig. 1) . The high level of homology between the two species enabled RT-PCR and subsequent cloning and expression of a first panel of antigen-specific rhesus macaque MAbs (Sundling et al., 2012 ) based on previously designed human primer sequences (Tiller et al., 2008) . However, the amplification efficiency for the light chain gene segments in those studies was low. We therefore adapted the Tiller et al., 2008 protocol and generated rhesus-specific Ig heavy (IGH), Ig lambda (IGL), and Ig kappa (IGK) chain primer sets designed for nested PCR amplification and cloning of V(D)J genes from single rhesus macaque B cells.
To cover all Ig V-gene families and a maximal number of members within these families, we designed a total of 25 heavy chain primers (Table 1 ; 11 outer and 14 inner), 18 kappa light chain primers (Table 2 ; 9 outer and 9 inner), and 21 lambda light chain primers (Table 3 ; 11 outer and 10 inner). We first evaluated the L1 (outer) and SE (inner) 5′ primers individually as well as in mixes using cDNA generated from bulk PBMCs and obtained positive PCR products from most heavy chain, lambda and kappa light chain primers in a single round of PCR. The expected sizes of the PCR products were~500 bp for the heavy chain and~450 bp for lambda and kappa light chains ( Fig. 2B and C respectively) . A few primers produced weak bands (5′VH7.L1, 5′VK6B.L1, 5′VK7.L1, 5′VL9.L1, 5′VH1C.SE, 5′VL4A.SE, and 5′VL4B.SE), and in selected cases no product was identified (5′VH5B.L1, 5′VK5.L1, 5′VL3C.L1, 5′VH3C.SE, and 5′VK5.SE), indicating inefficient primers or low or nonexistent production of mRNA from those specific gene segments (Fig. 2B, C) .
Single cell sorting and nested PCR evaluation
We next tested the primer sets on single B cells isolated by flow cytometric cell-sorting directly into 96 wells plates containing lysis buffer, as previously described (Scheid et al., 2009b; Sundling et al., 2012) . We sorted memory and naïve B cells based on the expression of CD27, which is differentially expressed by these populations in humans as well as in rhesus macaques (Kuhrt et al., 2011) (Fig. 3A) . In total, we sorted nine 96-well plates, from three different donor macaques, 7 with CD20 PCR was performed. The first round was performed with the L1 primer set and the second round with the SE primer set. Positive products were~500 bp for the IGH VDJ segment, 430 bp for the IGL VJ, and~450 bp for the IGK VJ segment. Representative gel products can be observed in Fig. 3B .
To evaluate the effect of carrier RNA in the lysis buffer, three plates were sorted without carrier RNA and five plates with carrier RNA. There was a significant improvement in the number of heavy chain positive wells obtained after nested PCR of the plates containing carrier RNA (60.6 ± 10.2% versus Fig. 1 . Homology of human and rhesus immunoglobulin V-gene segments. Dendrograms show V-gene family distribution for human (blue) and rhesus macaque (red), as determined by multiple alignments with MUSCLE and Neighbor joining trees. Proposed functional human IGHV (n = 47), IGKV (n = 46), and IGLV (n = 39) sequences were obtained from IMGT® while rhesus specific IGHV (n = 63), IGKV (n = 62), and IGLV (n = 50) ORFs were obtained from (Sundling et al., 2012) with an additional two IGHV sequences described in supplementary table 2. 44.8 ± 4.2%, average ± SD, p = 0.0367, Mann-Whitney test). In one sorted plate we also evaluated Oligo(dT) 18 as primer in the RT reaction. However, compared to random hexamers the number of positive wells was dramatically reduced (13.1% positive for Oligo(dT) 18 versus 47.6% positive for random hexamers).
Of the sorted plates containing carrier RNA, 60.6% (281 of 464) of the wells were positive for heavy chain sequences, 39.2% (182 of 464) for kappa sequences, and 23.7% (107 of 452) for lambda sequences. The average plate coverage (wells positive for either heavy chain, kappa chain, or lambda chain sequences) was 80.6 ± 7.2% (SD; interval 73-90%). Of the positive wells, 1.96 ± 3.1% (SD; interval 0-7%) were double positive for kappa and lambda sequences. Matching heavy and light chain pairs from the same well, which can be used for subsequent expression of functional MAbs, were Outer 5′ primers, designated L1 (the primer binding site of 5′VH4.L1 is indicated), aligning to the germline leader region part 1 (L1), are used with outer 3′ primers, aligning to the Ab constant regions (1st PCR). Inner 5′ primers, designated SE (the 5′VH4.SE is indicated), aligning to the leader part 1 and 2 (L1 and L2) junction, are used with inner 3′ primers specific for the antibody constant regions proximal to the J chain (2nd PCR). Dots indicate nucleotides not shown (n = 17). The example leader sequence corresponds to VH4.11. Following sequencing, to determine specific V(D)J gene usage, cloning primers are chosen based on the sequence obtained in the 2nd PCR, to generate products for directional cloning into antibody expression vectors. The designed L1 (B) and SE (C) primers were tested individually and in mixes (all L1 primers or all SE primers) on bulk cDNA from PBMCs and evaluated on 1% agarose gels. The primer designations are indicated above each gel image. observed in 50 ± 9.8% (SD; interval 38-63%) of the positive wells. Of the matching pairs, 65.1 ±11.7% (SD; range 48.9-78.3%) was composed of heavy and kappa chain, while 34.9± 11.7% (SD; range 21.7-51.1%) was composed of heavy and lambda chain. The V(D)J gene family distribution was very similar in all three donors, (average + SEM; Fig. 4 ) consistent with previous observations in rhesus macaques (Margolin et al., 1997; Link et al., 2005; Sundling et al., 2012) and humans Foster et al., 1997; Andersen et al., 2007; Arnaout et al., 2011; Scheid et al., 2011a) . Most of the V(D)J families were represented in the sampling, but to determine the frequency of gene family usage for the more rare variants, analysis of a larger set of samples would be required.
Discussion
The isolation of Ig heavy and light chains by RT-PCR from single sorted B cells allows the generation of recombinant MAbs and thereby detailed studies of antibody repertoires at both the genetic and functional level. Recent studies suggest that this approach is far more efficient than the generation of MAbs through, for example, hybridoma production (Meijer et al., 2006; Tiller et al., 2008; Wrammert et al., 2008; Liao et al., 2009) .
Recently, we demonstrated that the human and rhesus macaque heavy and light chain germline sequences clustered according to family distribution rather than by species, indicating a high level of gene family conservation (Sundling et al., 2012) . The high level of homology between the two species enabled the isolation of rhesus macaque MAbs by RT-PCR using primers designed to amplify recombined human Ab V(D)J sequences (Tiller et al., 2008; Sundling et al., 2012) . However, using this approach we found that the amplification efficiency for the light chain genes was low. To circumvent this problem, we here generated rhesus-specific Ig heavy, lambda, and kappa chain primer sets designed for nested PCR amplification and cloning of V(D)J genes from rhesus macaque B cells. To recover sequences encoding heavily mutated antibodies, commonly present in HIV-1-infected individuals (Scheid et al., 2011b) , we designed the 5′ nested PCR primers to align to the antibody leader sequence, which is not subjected to affinity-driven SHM. While our main interest so far has been studies of vaccineinduced Abs, which are not as heavily mutated, positioning the primers in this region should make them suitable also for isolation of MAbs from chronically SIV-or SHIV-infected rhesus macaques, which are expected to be highly driven by SHM (Kraft et al., 2007; Asmal et al., 2011; Walker et al., 2011) . We found that the efficiency and specificity, especially for the light chain gene segments, were greatly improved, with~63% of the wells being positive for either kappa or lambda sequences, when using the rhesus-specific primer sets described here. The ratio of kappa light chains to lambda light chains was approximately 2 to 1, which is comparable to the light chain ratios found in healthy human individuals (Barandun et al., 1976; Lam et al., 1991) . Some of the primers did not produce PCR products, or only produced very weak products when tested on cDNA from bulk PBMC. These results were consistent when the primers were evaluated on single sorted memory and naïve cells from three donor macaques. The V(D)J family usage was similar between the three donor animals and was consistent with previous results from human and rhesus macaque B cell repertoire analysis.
In conclusion, we have optimized a method for efficient amplification of antibody V(D)J genes generated from singlesorted rhesus macaque B cells. This method will be highly valuable for future analyses of antibody repertoires in vaccinated or infected rhesus macaques.
